Biallelic inactivation of cancer susceptibility gene BRCA1 leads to breast and ovarian carcinogenesis. Paradoxically, BRCA1 deficiency in mice results in early embryonic lethality, and similarly, lack of BRCA1 in human cells is thought to result in cellular lethality in view of BRCA1's essential function. To survive homozygous BRCA1 inactivation during tumorigenesis, precancerous cells must accumulate additional genetic alterations, such as p53 mutations, but this requirement for an extra genetic "hit" contradicts the two-hit theory for the accelerated carcinogenesis associated with familial cancer syndromes. Here, we show that heterozygous BRCA1 inactivation results in genomic instability in nontumorigenic human breast epithelial cells in vitro and in vivo. Using somatic cell gene targeting, we demonstrated that a heterozygous BRCA1 185delAG mutation confers impaired homology-mediated DNA repair and hypersensitivity to genotoxic stress. Heterozygous mutant BRCA1 cell clones also showed a higher degree of gene copy number loss and loss of heterozygosity in SNP array analyses. In BRCA1 heterozygous clones and nontumorigenic breast epithelial tissues from BRCA mutation carriers, FISH revealed elevated genomic instability when compared with their respective controls. Thus, BRCA1 haploinsufficiency may accelerate hereditary breast carcinogenesis by facilitating additional genetic alterations. 
Mutation of a single allele of the cancer susceptibility gene BRCA1 leads to genomic instability in human breast epithelial cells Biallelic inactivation of cancer susceptibility gene BRCA1 leads to breast and ovarian carcinogenesis. Paradoxically, BRCA1 deficiency in mice results in early embryonic lethality, and similarly, lack of BRCA1 in human cells is thought to result in cellular lethality in view of BRCA1's essential function. To survive homozygous BRCA1 inactivation during tumorigenesis, precancerous cells must accumulate additional genetic alterations, such as p53 mutations, but this requirement for an extra genetic "hit" contradicts the two-hit theory for the accelerated carcinogenesis associated with familial cancer syndromes. Here, we show that heterozygous BRCA1 inactivation results in genomic instability in nontumorigenic human breast epithelial cells in vitro and in vivo. Using somatic cell gene targeting, we demonstrated that a heterozygous BRCA1 185delAG mutation confers impaired homology-mediated DNA repair and hypersensitivity to genotoxic stress. Heterozygous mutant BRCA1 cell clones also showed a higher degree of gene copy number loss and loss of heterozygosity in SNP array analyses. In BRCA1 heterozygous clones and nontumorigenic breast epithelial tissues from BRCA mutation carriers, FISH revealed elevated genomic instability when compared with their respective controls. Thus, BRCA1 haploinsufficiency may accelerate hereditary breast carcinogenesis by facilitating additional genetic alterations.
breast cancer 1, early onset | human cell gene targeting | somatic cell knock-in W omen carrying heterozygous mutations in the cancer susceptibility gene BRCA1 (1) are estimated to have a lifetime breast cancer risk of up to 85% (2) . Wild-type BRCA1 alleles are lost in the majority of these tumors, further underscoring BRCA1's crucial tumor suppressor function (3). Paradoxically, biallelic disruption of BRCA1 confers early embryonic lethality in mouse models (4) (5) (6) , and similarly, lack of functional BRCA1 in mature cells is thought to result in proliferation defects or cell death in view of BRCA1's essential function in maintaining genomic integrity (7) (8) (9) .
Although it remains unclear how BRCA1 tumor cells survive biallelic BRCA1 inactivation during tumorigenesis, evidence suggests a role for accumulated genetic alterations, such as p53 mutations, in overcoming cell lethality (6, 10, 11) . Because BRCA1 tumors presumably follow the two-hit theory that explains the accelerated carcinogenesis in familial cancer syndromes (12) , this requirement for an extra genetic "hit" in BRCA1-mediated tumorigenesis appears contradictory. A proposed mechanism that could facilitate such genetic alterations is genetic instability resulting from the inactivation of a single BRCA1 allele (i.e., BRCA1 haploinsufficiency) (7, 13, 14) . BRCA1 haploinsufficiency has also been suggested by several assays using breast epithelial cells from BRCA1 carriers (15) (16) (17) (18) (19) (20) (21) . However, to date there has been no rigorous, defined experimental system to address BRCA1 haploinsufficiency in human breast epithelial cells. Genetically engineered mouse models have been extensively studied to elucidate BRCA1's function. However, in contrast to human BRCA1 carriers, most animals bearing heterozygous BRCA1 mutations do not demonstrate increased spontaneous breast or ovarian tumor formation (22) (23) (24) , with the exception of a heterozygous mouse strain that is susceptible to other types of neoplasms (25) . Thus, in the current study, we created a genetically defined experimental system derived from human breast epithelial cells and used it to address BRCA1 haploinsufficiency in humans.
Results
We initially carried out gene targeting in human cell lines and generated isogenic cell models harboring heterozygous mutant BRCA1 (Fig. 1) . Two noncancerous breast epithelial cell lines were used for this study: the spontaneously immortalized MCF-10A cell line and a cell line immortalized by hTERT introduction (hTERT-IMEC) (26) . These cell lines exhibit a basal-like phenotype (26, 27) (i.e., a gene expression signature similar to mammary basal epithelial cells from which BRCA1 breast tumors are thought to originate). In addition, relative to cancer cells, these cell lines are genetically stable with wild-type p53. One of the most common pathogenic BRCA1 mutations, 185delAG, which results in a 2-bp deletion at the coding region close to the N terminus, was heterozygously introduced in these cell lines via gene targeting (Fig. 1A) .
We established two independently derived knock-in clones for both MCF-10A and hTERT-IMEC cell lines (hereafter termed BRCA1-het #1 and #2). Correct targeting was demonstrated by PCR amplification of the targeted genomic locus (Fig. 1B) . Proper transcription from targeted alleles was confirmed by capillary electrophoresis and direct sequencing of RT-PCR products ( Fig. 1C and Fig. S1 ). In addition, we also isolated cell clones that underwent random integration of the targeting vectors within their genomes (hereafter termed "control"). These clones were used as control clones in all subsequent experiments. We also attempted to create MCF-10A and hTERT-IMEC cell clones carrying homozygous BRCA1 185delAG mutations by targeting the remaining wild-type alleles in BRCA1-het clones. However, despite several repeated attempts, we only obtained cell clones undergoing random integration of the targeting vector to the genome. This finding is consistent with the proposed model of cellular lethality because of biallelic BRCA1 inactivation (7-9), although the possibility remains that unknown technical reasons may have accounted for the inability to obtain null clones.
To address BRCA1 haploinsufficiency in humans, we employed several assays using our gene-targeted cell lines. Because it has been well established that BRCA1 plays a pivotal role in homologous recombination (HR) repair of DNA double-strand breaks (also termed "gene conversion") (28), we initially evaluated HR efficiency in our MCF-10A-derived clones by stably transducing an EGFP reporter construct detecting HR (BABE-HR) ( Fig. 2A) . Through subsequent introduction of the restriction enzyme I-SceI, the SceGFP fragment present in BABE-HR is cleaved and then repaired by HR using an iGFP fragment as a template. This DNA recombination results in the reconstitution of a functional EGFP, which can be detected by fluorescence flow cytometry. Because of the technical difficulties of targeting the EGFP reporter construct to the same genomic position in all MCF-10A-derived isogenic clones, we isolated multiple single-cell subclones from each MCF-10A clone after BABE-HR transduction, transfected these subclones with the I-SceI-expressing plasmid, and then statistically compared their percentage of GFP positivities. This analysis revealed a significant decrease in HR repair in BRCA1 heterozygous clones compared with their wild-type counterparts ( Fig. 2 B and C) .
We also evaluated homology-mediated repair capacities in both MCF-10A and hTERT-IMEC isogenic clones using another EGFP reporter construct, which detects both HR and single-strand annealing repair (pEGFPx2-C1) (Fig. S2A) . Of note, BRCA1 is shown to be involved in both of these homology-mediated repair mechanisms (29) . Assays were conducted based on transient transfection of I-SceI-cleaved pEGFPx2-C1, precluding the concern that the genomic positions of the integrated reporter constructs affect the results. Fluorescence flow cytometric analyses revealed a significant decrease in homology-mediated repair in both MCF-10A and hTERT-IMEC BRCA1 heterozygous cell lines compared with wild-type counterparts (Fig. S2B) .
In accord with reduced capacity for homology-mediated repair, cell survival assays demonstrated that BRCA1 heterozygous clones have increased sensitivity to genotoxic stress conferred by either the chemotherapeutic drug Doxorubicin or γ-irradiation, both of which are known to cause DNA damage that is primarily repaired by HR (Fig. 2D) . In contrast, we failed to detect a difference in the cytotoxicity of the poly(ADP-ribose) polymerase (PARP) inhibitor NU1025 between BRCA1 heterozygous and wild-type clones (Fig. S3) . Similarly, the PARP inhibitor ABT-888 currently being evaluated in clinical trials also had no difference in sensitivity in our isogenic clones. Notably, PARP inhibitors are thought to exert cell killing selectively in S-phase, unlike γ-irradiation and Doxorubicin, which exert cytotoxic effects in all phases of the cell cycle, including resting cells (30, 31) . Thus, it may be that any elevated sensitivity to PARP inhibitors in BRCA1 heterozygous clones is counterbalanced by G0/G1-dominant cell-cycle profiles and reduced proliferation capacities in these clones (see below). Overall, the data from DNA repair and cell survival assays demonstrated modest but significant impairment of DNA repair in BRCA1 heterozygous cells.
We next explored other cellular properties previously described in BRCA1-deficient mouse embryos, such as deregulated expression of p21 protein and impaired proliferation (4). When BRCA1 heterozygous human breast epithelial cells were propagated in exponential growth conditions and compared with their wild-type counterparts, p21 protein was up-regulated in immunoblot analyses similar to BRCA1-deficient mouse embryos (Fig.  3A) , and cells were slightly but significantly more accumulated in the G0/G1 phase of the cell cycle ( Fig. 3 B and C) . Slower cell growth in BRCA1 heterozygous clones in comparison with their wild-type counterparts was also shown by proliferation assays (Fig. 3D) (32) , there was no attenuation in either induction or maintenance of G2 checkpoint responses after γ-irradiation in BRCA1 heterozygous cell clones (Fig. S4) . We also found no transformed phenotypes in BRCA1 heterozygous clones by an EGF-free cell culture, as well as an anchorage independent growth assay. Collectively, these results demonstrated that cells with a single mutant BRCA1 allele exhibit similar yet muted properties, as has been described for BRCA1-null cells.
To study how impaired DNA repair function caused by BRCA1 haploinsufficiency impacts genomic integrity in human breast epithelial cells, we analyzed copy number (CN) changes, defined as the gain or loss of a given gene, in 389 cancer-related genes with the aid of a focused SNP array. BRCA1 heterozygous MCF-10A clones and their wild-type counterparts were exposed to 6 Gy or mock γ-irradiation. A total of 30 single-cell subclones were then isolated from each γ-irradiated cell clone, as denoted in Tables S1 and S2, maintained 
The vast majority of the 389 genes have CN scores within 1.5 to 2.5, and no amplification or high CN gain was found in this dataset. Nonetheless, BRCA1 heterozygous MCF-10A clones with or without 6 Gy γ-irradiation showed a significantly higher degree of CN loss compared with their wild-type counterparts (Fig. 4A and Table S1 ). Because this was significant in both nonirradiated (P = 0.001) and 6-Gy irradiated (P = 0.006) conditions upon individual analyses, the compromised genomic integrity is at least partially inherent to BRCA1 heterozygous cells rather than a function of increased sensitivity to γ-irradiation, presumably reflecting a critical role for BRCA1 against genomic DNA replication stress (33) . Intriguingly, no difference in CN gain was detectable between BRCA1 heterozygous and wild-type clones. In line with observed preferential CN loss in BRCA1 heterozygous clones, the increase of LOH regions was also found in both 6-Gy and mock-irradiated BRCA1 heterozygous clones compared with 
GAPDH P a r e n t C o n tr o l B R C A 1 -h e t # 1 B R C A 1 -h e t # 2 P a r e n t C o n tr o l B R C A 1 -h e t # 1 B R C A 1 -h e t # 2 P a r e n t C o n tr o l B R C A 1 -h e t # 1 B R C A 1 -h e t # 2 P a r e n t C o n tr o l B R C A 1 -h e t # 1 B R C A 1 -h e t # 2

MCF-10A
hTERT-IMEC their respective wild-type counterparts, although the difference was significant only in 6-Gy irradiated samples (Table S2) . To examine genomic alterations in a more stringent fashionthat is, at a single-cell resolution-we subsequently analyzed the isogenic cell clones with FISH. FISH visualizes individual alleles in each cell, and thereby enables the detection of subtle genomic CN changes in a small subset of cell populations that may be otherwise overlooked. Because of its high resolution, FISH can delineate genomic instability (measurable rate of genomic changes) in addition to aneuploidy or allelic imbalance (state of genomic changes) (34) . For this analysis, we used probes to assess 13 genomic loci that are known to undergo frequent CN changes in sporadic or BRCA1 mutant breast cancer (Table S3) . As expected, deviation of an allele count from the mode was found in only 1 of 10,388 (< 0.01%) cells in wild-type controls. In stark contrast, a total of 108 of 5,200 (2.08%) cells in BRCA1 heterozygous clones derived from MCF-10A and hTERT-IMEC exhibited allele counts distinct from the modal populations, affecting 11 of 13 genomic loci (Fig. 4 B and C and Table S4 ). In BRCA1 heterozygous clones, CN losses (88 cells) were dominant to CN gains (20 cells), concordant with our SNP array data ( Fig.  4A and Table S1 ). In this FISH analysis, the BRCA1 gene locus at chromosome 17q21.31 was retained in a total of 1,200 cells, with the exception of one cell each in BRCA1 heterozygous MCF-10A and hTERT-IMEC clones (Table S4) . Similarly, in our SNP array analysis, the BRCA1 gene locus was retained and exhibited no CN changes in all of the examined single-cell subclones (Table S2 ). The retention of the BRCA1 gene in BRCA1 heterozygous single-cell subclones was further confirmed by a PCR amplification of the targeted gene locus followed by analytical electrophoreses. These results strongly suggest that the observed genomic instability phenotype in BRCA1 heterozygous clones was indeed attributable to BRCA1 heterozygosity and not from a fraction of BRCA1-deficient cells emerging within BRCA1 heterozygous populations.
Finally, we carried out a FISH analysis against nontumorigenic breast tissue specimens to determine if genomic instability in BRCA1 heterozygous mutant cells is also detectable in vivo. Because of a limited number and amount of available BRCA1 specimens, this analysis used five and four noncancerous breast tissues from known BRCA1 and BRCA2 carriers, respectively, and two genomic loci among the most frequently altered in BRCA1 tumors-the TP53 and MYC gene loci (11, 35) -were then analyzed. For controls, we used nine breast specimens from women with no personal or family history of breast cancers who had undergone reduction mammoplasties. As seen in Fig. 4 D and E, the TP53 and MYC gene loci showed significantly more CN changes in breast epithelia from BRCA carriers compared with control samples. Virtually all of the CN changes detected in this analysis were losses of a single allele, consistent with our SNP array and FISH data for isogenic cell clones. It should be noted that control specimens also displayed a low level of CN changes and, specifically, CN loss. This result is because of the limitations of FISH using tissue samples. In this assay, some nuclei are cut into multiple sections, and thus a given section does not always contain all of the targets for a given FISH probe in a cell. The resultant false CN loss likely constitutes the background of the system. Chromosomal aberrations in breast tissues from BRCA1 carriers have been previously suggested by LOH and array-based comparative genomic hybridization analyses that used pools of cells as samples (17, 21) . Our current FISH data provide unambiguous evidence for this by demonstrating a low degree, but significant elevation of genomic instability in nontumorigenic breast epithelia from BRCA carriers. 
Discussion
Our study demonstrates that an inactivating mutation of a single BRCA1 allele leads to haploinsufficiency, which results in genomic instability in human breast epithelial cells. Genomic instability may then promote additional genetic changes in BRCA1 heterozygous cells. Because BRCA1-null cells seem to require additional genetic changes for survival (4) (5) (6) (7) (8) (9) , it is tempting to speculate that genetic changes accumulated in BRCA1 heterozygous cells enable cancer progenitor cells to evade cell death that would otherwise occur upon loss of the wild-type BRCA1 allele. Given this extra genetic requirement, BRCA1-mediated breast carcinogenesis may be considered in a distinct manner from other familial cancer syndromes that follow the original two-hit theory (12) , in which consecutive deletion of two alleles suffices to accelerate tumorigenesis (Fig. S5) . Although BRCA1 haploinsufficiency plays a pivotal role in the current proposed model, it should be noted that heterozygous BRCA1 inactivation itself is likely to be insufficient for complete breast carcinogenesis, because the vast majority of BRCA1 tumors undergo loss of the second wild-type BRCA1 allele (3). We suggest that genomic alterations resulting from BRCA1 haploinsufficiency is an early but not sufficient step of BRCA1-mediated breast carcinogenesis. It has previously been proposed that the second wild-type BRCA1 allele is lost before other somatic alterations, and the resultant BRCA1-null cells, specifically in breast and ovarian tissues, have prolonged survival, allowing them to acquire additional mutations that support cell proliferation (8, 9) . Although this model is not formally excluded, our data and the work of others are better explained by the model proposed in our study. As an example, our FISH analysis in BRCA1 heterozygous cell clones (Table S4 ) and a previous genome-wide array comparative genomic hybridization analysis using breast biopsies from BRCA1 carriers (21) , suggest that the loss of the second wild-type BRCA1 allele is an infrequent genomic alteration in BRCA1 heterozygous cells, and thus likely preceded by other genomic CN changes and genetic alterations. However, because our study analyzed only a limited number of clinical specimens, further studies involving larger series of normal breast tissues, as well as preneoplastic lesions from BRCA1 carriers, will be needed to better elucidate the mechanisms of BRCA1-mediated carcinogenesis.
As proposed previously (13) , if BRCA1 haploinsufficiency is exclusive to specific tissue types, such as breast and ovarian epithelia, it may provide an explanation for the restricted tissue distribution of BRCA1 tumorigenesis. In this regard, a number of studies have addressed BRCA1 haploinsufficiency in lymphoid cells, Epstein-Barr virus-immortalized lymphoid cell lines, and fibroblasts derived from BRCA1 carriers. Many of these studies described phenotypes specific to the cells carrying heterozygous BRCA1 mutations (36) (37) (38) (39) (40) . However, other studies failed to detect differences between cells from BRCA1 carriers and controls (41) (42) (43) , and thus BRCA1 haploinsufficiency in the above-mentioned cell types has been controversial (13, 44, 45) . This controversy may be reflective of the fact that neither lymphocytes nor connective tissues are susceptible to cancer development in BRCA1 carriers.
In this study we showed that BRCA1 heterozygous cells exhibited higher sensitivity to the genotoxic agent Doxorubicin compared with wild-type counterparts. However, in clinical use, anticancer drugs, including Doxorubicin, seem not to demonstrate higher tissue toxicity in BRCA1 carriers in comparison with patients with sporadic breast cancers. One possible explanation for this can be the potential tissue specificity of BRCA1 haploinsufficiency. If BRCA1 is not haploinsufficient in normal tissues susceptible to chemotherapies, such as hematopoietic cells and intestinal epithelium, BRCA1 carriers would not suffer from excessive adverse effects relative to control populations. Another possibility may be that the observed hypersensitivity to Doxorubicin in BRCA1 heterozygous cells may not be severe enough to lead to a recognizable increase in tissue toxicity in BRCA1 carriers.
Finally, genomic instability because of a heterozygous BRCA1 mutation may have clinical implications. It has been reported that p53 alterations partially rescue cellular lethality caused by BRCA1 deficiency (6, 10) . The identification of similar genetic alterations, particularly activating genetic changes, could be potentially exploited to develop prophylactic therapies for BRCA1-related cancers. Thus, further studies are warranted to better elucidate the properties and consequences of BRCA1 haploinsufficiency.
Materials and Methods
Knock-In of 185delAG BRCA1 Mutation. To construct the targeting vector, homology arms were amplified by PCR and ligated to an adeno-associated viral plasmid. The resulting targeting vector was transduced into MCF-10A and hTERT-IMEC, as previously described (46, 47) . BRCA1 gene-targeted clones were isolated by PCR-based screening and processed for Cre-loxP recombination to remove neomycin-resistance gene cassettes, as previously described (46) (47) (48) . Primer sequences for PCR are provided in Table S5 .
Retroviral Vector-Based HR Repair Assay. Retroviral plasmid pBABE-HR was constructed as described in SI Materials and Methods. To evaluate HR repair efficiency, isogenic cell clones were transduced with retroviral reporter BABE-HR and subjected to single-cell subcloning when selected with G418 (Invitrogen). Resulting multiple single-cell clones were transfected with an ISceI expression plasmid pCBASce (49) or an empty vector pCAG in the absence of G418, and analyzed by flow cytometry after 3-d incubation. HR efficiency was determined by GFP-positive ratio after pCBASce transfection and normalized to transfection efficiency. SNP Array. Multiple single-cell subclones were isolated from MCF-10A isogenic clones immediately after 6-Gy or mock irradiation, as shown in Tables S1 and S2. After 4 wk of propagation, single-cell subclones were analyzed with a Cancer SNP Panel (Illumina) according to the manufacturer's instructions. Fluorescence signals from hybridized slides were scanned with Illumina BeadArray Reader and quantified with Beadstudio software. CN scores and LOH values were determined by Hidden Markov Model using the dChip program. The CN scores of individual SNP markers within a gene were averaged and used as the CN score of the corresponding gene. The gains and losses of gene copy were defined as averaged CN scores > 2.5 and < 1.5, respectively. LOH genes were identified when LOH was detected at one or more of the markers within the genes.
FISH. Propagated isogenic cell clones were incubated in 40 mM KCl, fixed with 3:1 mixture of methanol and glacial acetic acid, and then dropped onto glass slides. Tissue microarray (TMA) was constructed using 18 formalin-fixed paraffin-embedded specimens of noncancerous breast tissues: 9 derived from BRCA1 or BRCA2 mutation carriers and 9 from controls. The absence of cancerous cells in the specimens were histopathologically confirmed. Slides were hybridized with fluorescently labeled BAC probes (cell line FISH) or commercially available probes (TMA FISH) listed in Table S3 , counterstained with DAPI, and subjected to allele counting under fluorescence microscopy.
